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cholesterol; fertility THE SOLUBLE EPOXIDE HYDROLASE (sEH) gene Ephx2 encodes for a mature protein of 555 amino acid residues (28) . The protein product is a bifunctional enzyme with an NH 2 -terminal phosphatase activity (8, 49) in addition to its name-bearing COOHterminal EH activity (45, 46) . Although the latter is responsible for the well-defined epoxide hydrolysis of endogenous fatty acid epoxides, no clear endogenous substrate for the NH 2 -terminal domain has been identified. Screening substrates by in vitro assays suggests that lipid phosphates and isoprenoid phosphates are good substrates for this enzymatic activity (18, 49, 59) .
Endogenous substrates for the COOH-terminal sEH activity include arachidonate-derived epoxyeicosatrienoic acids (EETs). They are proposed to modulate blood pressure by their vasodilatory effects (6) and also have anti-inflammatory properties in several distinct models (51, 56) . The EETs were also shown to have roles in angiogenesis, neurohormone release, cell proliferation, modulation of ion channel activity, and modulation of inflammatory pain (4, 10, 24, 34, 54) . Interestingly, several human sEH polymorphisms were recently associated with increased plasma cholesterol levels in familial hypercholesterolemia (55) . These observations are now further supported by Enayetallah et al. (15) , who showed in vitro that cholesterol levels are regulated by EETs and their vicinal diols (DHETs) as modulated by sEH (15) . Furthermore, recent reports link sEH and its substrate and product 11,12-EET and 14,15-DHET, respectively, to the activation of peroxisome proliferator-activated receptors (PPAR)␣ and -␥, which are thought to regulate lipid homeostasis (50) . Regulation of sEH expression and activity was associated with hormonal development and reproduction, because sEH activity was enhanced with age and upregulated in males, potentially due to the regulation of sEH expression by testosterone (12, 26, 36, 53) . Interestingly, leukotoxin diols, which are also endogenous products of sEH from linoleic acid (42) , are proinflammatory mediators that can disrupt the estrous cycle in rats (41) .
The Ephx2-null mouse model provides a valuable tool for investigating the basic biology of sEH and the bioactive lipids that it regulates. This tool may also provide insight regarding the safety of sEH inhibitors being investigated for clinical applications. For example, we (40) have shown a compensatory mechanism for homeostatic blood pressure regulation in Ephx2-gene-disrupted mice. In this study, we provide evidence showing a link among disruption of the Ephx2 gene expression, testosterone synthesis, and its precursor cholesterol. Using the Ephx2-null mice and their wild-type (WT) littermates, we broadly analyzed the colony for its reproductive ability, lipid composition, and anxiety-related behavior.
MATERIALS AND METHODS

Animals.
Mice with targeted disruption in exon 1 of the Ephx2 gene were originally obtained from Dr. Chris Sinal (57) . These mice were back-crossed onto a C57BL6 (Jackson Laboratories, Bar Harbor, ME) genetic background an additional 5-10 generations prior to use in this study. Ephx2-null homozygotes or WT mice were paired for subsequent breeding. Animals were housed in a standard animal facility under controlled temperature (22°C) and photoperiod (12:12-h lightdark). They were maintained on a normal rodent diet (PicoLab rodent 20; LabDiet, Richmond, IN) and bottled water ad libitum. Animal handling, experimentation, and euthanasia were conducted in accordance with approved IACUC protocols.
EH assay. Cytosolic and microsomal fractions were prepared from liver homogenates of sEH WT and null mice as described earlier (43) . Protein concentration was quantified using the Pierce BCA assay with bovine serum albumin (BSA) as calibrating standard. EH activity was measured using 14,15-epoxyeicosatrienoic acid (14,15-EET) as substrate (48) . Briefly, the cytosolic fraction was diluted with sodium phosphate buffer (0.1 M, pH 7.4), and the microsomal fraction was diluted with Tris ⅐ HCl buffer (0.1 M, pH 9.0) both supplemented with BSA (0.1 mg/ml). The assay was initiated by the addition of 1 l of 14,15-EET (5 mM in DMSO) to 100 l of protein extract ([S] final: 50 M) to both fractions. For inhibitor treatment, the enzyme preparations were preincubated at 30°C for 5 min with 100 M AUDA (sEH inhibitor, 12-[3-adamantane-1-yl-ureido]-dodecanoic acid) (44) or NTPA [microsomal (m)EH) inhibitor, 2-nonylthio-propiamide] (47) before substrate introduction. The mixture was incubated at 30°C for 5-60 min. The enzymatic reaction was then quenched by addition of ice-cold MeOH (400 l). The sample was centrifuged and the supernatant transferred in vials for analysis. The remaining epoxide and resulting diol (14, were quantified by LC-MS-MS, as described earlier (40) . The reactions were performed in triplicate. Results are means Ϯ SD of three separate experiments.
Sample and tissue collection. Following lethal injection of pentobarbital sodium (100 mg/kg body wt ip), blood was collected within an hour from null mice and their WT controls by cardiac puncture. Blood samples were collected into EDTA-rinsed syringes from the right ventricle of each animal, and plasma was separated (10 min, 400 g) and stored at Ϫ20°C until analysis. For hormone assay, mice were bled from the tail, and 10 l of whole blood was collected. After recording body weight, testes and seminal vesicles from each mouse were removed and cleaned of fat, and peripheral blood vessels.
Reproductive parameters and hormone and sperm analysis. Mating tests were carried out with mice at least 3 mo of age by placing a female in the male's home cage from the same genotype. Coital plug formation was recorded during 4 consecutive days, and pregnancy was assessed by palpitation of the abdomen. Offspring sex was determined by measuring anogenital distance of the pups at 2 and 21 days of age. Sperm analysis was assessed by isolating the epididymis from intact WT or Ephx2-deficient male mice. Sperm were allowed to swim up in 37°C prewarmed PBS (KCl, 2.7 mM; KH2PO4, 1.47 mM; NaCl, 137.9 mM; Na2HPO4, 8.1 mM; pH 7.4) solution for 15 min. Sperm (10 l) were placed on a coverslip, and the percentage of sperm motility was evaluated by tracing the movement paths of sperm cells (n ϭ 200). Morphological integrity was assessed by looking at 200 spermatozoa head, tail, and midpiece shapes (phase contrast-2 microscope, Nikon, Japan). No visible defects were seen in head shape, tail defects, or cytoplasmic droplets (39) . At the end of the incubation, a 1:10 dilution was used for hemocytometric count after all tissue debris was removed. Plasma concentration of testosterone was measured by RIA following extraction with diethyl ether, as reported previously (60) .
Histopathology. Testis morphology was examined after use of a primary fixation in neutral buffer and hematoxylin staining of the 5-m paraffin sections, as previously described (64) . Lipids were identified through Oil red O (ORO) staining of 10-m cryosections, as previously described (11) . Photos of paraffin-sectioned testis were taken with an Olympus BH2RFCA microscope equipped with a Leica true colors camera and edited with Adobe Photoshop 7.0.1. Cryosection photos were captured using a digital system consisting of an Olympus BX40 fluorescent microscope with an Olympus DP71 digital color camera.
Anxiety-related behavioral tests. For general observation of behavior, mice were placed in an open-field arena (40 ϫ 40 ϫ 30 cm) of a 16-square grid clean floor (23) . Murine behavior and activity were monitored for 5 min (58). Activity was determined by the number of lines each mouse crossed as a function of time. Other parameters of behavior, such as cage-exploring behavior, grooming, rearing, head bobbing, urination, and hunched body posture were also examined (37) .
Anxiety-related behavior was evaluated using a dark/light transition task. Mice were placed in the dark side of a box (7.5 ϫ 4 ϫ 4 cm) with a round opening of 5 cm in diameter. For a period of 5 min, the number of times mice poked their heads through the open window as well as the total amount of time they spent on the light side of the box were recorded (22) .
Hedonic response. WT or knockout (KO) male mice were first trained to consume a prewarmed condensed sweetened-milk solution (5% vol/vol). Training consisted of an initial daily exposure to sweetened-milk solution in place of water in their home cage at the same time of the day for 5 min over a weeklong period. At the end of the training period, the sweetened solution was introduced again for 20 min at the same time for an additional 7 days. Intake was measured by weighing preweighed bottles at the end of the test. During this time, mice were also recorded and monitored for any unusual behavior (9, 29) . Sweetened solution was given to each cage (two mice) every day at the same time. Sweetened solution intake was measured after 20 min and recorded on a video camera.
Truemass lipomic profile. Lipids from plasma were extracted in the presence of authentic internal standards by the method of Folch et al. (19) , using chloroform-methanol (2:1 vol/vol). Individual lipid classes within each extract were separated by liquid chromatography as previously described (40) . Each lipid class was transesterified in 1% sulfuric acid in methanol in a sealed vial under a nitrogen atmosphere at 100°C for 45 min. The resulting fatty acid methyl esters were extracted from the mixture with hexane containing 0.05% butylated hydroxytoluene and prepared for gas chromatography by sealing the hexane extracts under nitrogen. Fatty acid methyl esters were separated and quantified by capillary gas chromatography (Agilent Technologies model 6890) equipped with a 30-m DB-88MS capillary column (Agilent Technologies) and a flame ionization detector (61) (62) (63) .
Total sterols. To 50 l of plasma samples a 10-l mixture of deuterated surrogates was added for recovery assessment. Ethanolic potassium hydroxide (250 l, 1 M) was added to all samples. Microtubes were purged with nitrogen, capped, and vortexed for 30 s. Each sample was then incubated at 70°C for 1 h and cooled for 15 min (4°C), and 250 l of deionized water was added. The free sterols were then extracted with two 500-l volumes of hexane-ethanol (20:1). The combined hexane layers were transferred to a GC vial, dried down under nitrogen, and reconstituted in 50 l of decane. To each sample, 30 l of Tri-Sil derivatizing reagent was added. Finally, silylated sterols were injected onto a 6890/5975 GC-MS (Agilent Technologies) with a 30 ϫ 0.25-mm Rxi-5 MS column (Restek) with helium as the carrier gas. Mass spectrometric analysis was performed in the single ion monitoring (SIM) mode with electron ionization.
Statistic analysis. Results were tested for statistical significance using a t-test or a Student-Newman-Keuls test after one-way repeatedmeasures ANOVA. Differences were considered significant if the P value was Ͻ 0.05.
RESULTS
In general, Ephx2-null mice developed normally and did not display obvious symptoms of disease or organ malformation. In a previous study (40) , we showed that Ephx2-null mice lack the expression of sEH gene, protein, and activity. This strain also showed an increase in epoxyeicosatrienoic acids in both liver and renal homogenates as well as in plasma (40) . The present study expands the phenotypic and metabolic characterization of the Ephx2-null mouse colony.
14,15-EET hydrolysis. As expected, hydrolysis of 14,15-EET to its vicinal diol 14,15-DHET is almost abolished in the cytosolic fraction of Ephx2-null liver extracts (Table 1) . In sEH-null mice, specific activity against 14,15-EET is reduced 200-fold in the cytosolic fraction and close to 10-fold in microsomal fraction compared with the WT liver homogenates. Inhibition by AUDA, a potent sEH inhibitor, in WT liver homogenates completely abolished specific 14,15-EET hydrolysis to levels seen in sEH-null cytosolic and microsomal samples (Table 1 ). In WT liver homogenates, inhibition by NTPA, a selective microsomal EH inhibitor, decreased 14,15-DHET production only in the microsomal fraction by 20% (Table 1 ). This suggests that only one-fifth of diol products in the microsomal fraction of WT liver homogenates is contributed by mEH and the rest is contributed by sEH-like activity or as a result of some cytosolic residues left along the microsomal preparation procedure, as previously observed (2) . In the cytosol, sEH is the main enzyme that hydrolyzes epoxy fatty acids, and the contribution by mEH to EET hydrolysis accounts for only a small percentage of the total activity in the liver (Table 1) . In null mice, possibly due to other enzymatic activity, 14,15-DHET formation is 0.5% in the cytosol and 9% in the microsomal fraction compared with the WT counterparts. The cytosolic activity was not significantly affected by AUDA, whereas the microsomal activity is almost abolished with treatment of NTPA (Table 1) .
Phenotypic and segregation analysis. Homozygous Ephx2-null mice were viable and fertile. Neither Ephx2-null nor Ephx2-WT mice displayed any visible abnormalities at birth.
Mice were of normal weight (Table 2) . For the total number of offspring tested (167 null and 188 WT pups), no significant changes in number of pups per litter or pup size between the two genotypes were observed (Table 2) . When offspring numbers were examined, of 167 offspring from the Ephx2-null colony, 93 were female and 74 were male (Table 2) , while in the Ephx2-WT colony, of 188 offspring tested 88 were female and 100 were male (Table 2) . Although the number of female litters seemed higher for the Ephx2-null mice, this was not statistically significant (unpaired t-test; P Ͻ 0.07). For further analysis, a higher number of pups should be evaluated.
Reproductive rate, sperm analysis, testis size and plasma testosterone levels. Reproductive parameters and behavior were further examined in both genotypes (Table 3 ). Within 4 days of placing females and males together, all females in Ephx2-WT and null mice were found to have coital plugs followed with a high pregnancy success rate (Table 3 ). Sperm analysis showed that, although sperm motility was similar in both genotypes, total sperm concentration was significantly reduced in the Ephx2-null mice (Table 3) . Additionally, testis measurements showed a remarkable difference between the two genotypes ( Supplementary Fig. S1A ). (Supplementary materials, both figures and movies, are found in the online version of this article.). In both age populations examined (12-16 and 26 -30 wk of age), testis size and weight were significantly lower in the Ephx2-null mice (Suppl. Fig. S1A and Fig. 1 ), whereas no significant differences in mean body weight were observed between WT and sEH-deficient mice (Fig. 1A) . As expected, a slight increase in body weight was seen in older mice in both WT and Ephx2-null animals, but the testis weight was even lower in the latter (Fig. 1, A and B) . Testis weight in relation to body mass in both age populations was also calculated, showing a significant decrease in testis weight in Ephx2-null male mice (Fig. 1, A-C) . Seminal vesicle size also showed higher mass in WT male adult mice (Suppl. Fig. S1B ).
These findings led us to measure plasma testosterone levels in both genotypes (Fig. 1D) . Plasma concentration of testosterone was reduced twofold in the sEH-null mice (Fig. 1D) . This observation may explain the reduction of testis size along with sperm count (Suppl. Fig. S1 and Table 3 ). Supportive evidence for the expression of sEH in testis is shown in previous studies where significant sEH activity was measured in mouse testis (13) . This suggests that sEH may play a role in spermatogenesis.
Testis histology. A close observation of the testis histology is shown in Fig. 2 , detecting pathological alterations specifically in testes of 8-mo-old mice. Testes from 3-mo-old Ephx2-null mice show seminiferous tubules with apparently normal spermatogenesis and some increased region of the lumen (Fig. 2.I,  A and B) . Over time, the phenotype becomes more pronounced. In testes of 8-mo-old Ephx2-null male mice, seminiferous Cytosolic and microsomal fractions from liver homogenates of Ephx2-WT and Ephx2-null male mice (n ϭ 3) were analyzed for dihydroxyeicosatrienoic acid (14,15-DHET) production using mass spectrometry, as described in MATERIALS AND METHODS. sEH, soluble epoxide hydrolase; AUDA, 12-[3-adamantane-1-yl-ureido]-dodecanoic acid (an sEH inhibitor); NTPA, 2-nonylthio-propiamide (a microsomal EH inhibitor); EET, epoxyeicosatrienoic acid. Results are presented as means Ϯ SD of 3 separate experiments for specific activity per total mg protein (in bold) or for tissue activity per gram of wet liver weight (parentheses). AUDA (100 M) and NTPA (100 M) were incubated as described previously (44, 47) . It should be noted that total protein and thus total sEH activity is far higher in the cytosolic fraction. *P Ͻ 0.01 vs. control samples (1-way ANOVA with Student-Newman-Keuls post hoc analysis). tubules displayed a severe impairment of spermatogenesis with severe vacuolization of most affected tubules (Fig. 2.I, a and b , vs. WT testis sections 2I, c and d).
Interestingly, in some areas of sections from the 3-mo-old null testis, visible alterations already start to appear around the interstitial/Leydig cells (Fig. 2.I, a and b) . A large gap between tubules is clearly seen in Fig. 2.I, A and B , that progresses dramatically in older mice (Fig. 2.I, a and b, asterisk) . Since the method of paraffin fixation can cause changes in the interstitial area, we also confirmed it by cryosectioning the testes and stained them with ORO for lipid localization. ORO staining confirms this observation and also shows lipid content. Three-and eight-mo-old WT animals demonstrate weak ORO staining in Leydig cells (Fig. 2.II, C and D and c and d,  respectively) . Strikingly, there was an increase in the lipid content of Leydig cells in Ephx2-null mice in both ages (Fig.  2.II, A and B and a and b) . Although no immunostaining specific for Leydig cells was done, it could be that the accumulation of ORO staining is due to the apparent increase in the number of Leydig cells populating the interstitial region (Fig.  2 
.II, Ephx2
Ϫ/Ϫ ). Anxiety-related behavior. Testosterone is required for the appropriate display of male patterns of behavior (20) . In Fig. 1 . Testis weight and plasma testosterone levels in sEH-WT (soluble epoxide hydrolase wild-type) and null (KO) mice. A: body weight from sEH-WT and null mice. B: testis weight and C: testis weight in relation to body weight were compared in 12-to 16-wk and 26-to 32-wk-old intact male mice. Data are expressed as means Ϯ S from n ϭ 12 and n ϭ 6 mice (young and older mice, respectively). P values show significant differences between KO and WT colonies (paired t-test). *P Ͻ 0.05, #P Ͻ 0.001,^P Ͻ 0.00001. D: testosterone was measured in plasma of 16-wk-old male mice from both genotypes (26 Ϯ 1 and 25 Ϯ 0.5 g body wt for sEH-WT and null, respectively). The hormone was measured by RIA as described in MATERIALS AND METHODS. sEH-null mice have lower plasma testosterone. Data are expressed as means Ϯ SE and were tested for significant differences by t-test, *P Ͻ 0.01 (n ϭ 7). Reproductive analysis in Ephx2-null and Ephx2-WT mice (n ϭ 4, 16 wk old). Data are expressed as means Ϯ SE. *P Ͻ 0.05 as measured by paired t-test. There were no obvious differences in motility or morphology in sperm samples from either Ephx2-null or Ephx2-WT standard animals.
several affective behavior tests, administration of testosterone significantly reduced anxiety of aged mice in open-field and dark-light transition tests (21, 22) . To determine whether the two genotypes are different in behavior, both open-field activity and dark-light transition tests were evaluated along with hedonic response measurements by scoring the daily uptake of sweetened condensed milk.
In the dark-light transition test, the number of exits into the open space was lower (16 Ϯ 5, n ϭ 6) in mice lacking sEH, whereas the WT mice spent more time in the light side (25 Ϯ 4, n ϭ 6). This may suggest that Ephx2-null male mice display a higher level of anxiety-related behavior. This observation was supported by a further open-activity test (Fig. 3A and Supplementary Movie S1). Again, Ephx2-null male mice displayed lower levels of exploratory behavior. The number of lines that sEH-KO mice crossed as a function of time was significantly lower than the WT counterparts (Fig. 3A and Suppl. Movie S1). Latency to the first grid crossing was also different between the two genotypes. When placed in an observation chamber, the WT animals were immediately active, whereas the null animals were immobile and did not move until an average of 3 min after placement (Suppl. Movie S1). Both the dark-light transition and open-field activity tests are generally considered complementary tests of affective behavior that can be modulated by hormones. The higher level of anxiety-related behavior of sEH-KO males observed in the dark-light transition test and open-field activity may reflect the lower levels of circulating testosterone observed.
Sweetened milk intake was also measured in both genotypes as a marker for hedonic response. As seen in Fig. 3B , the total consumption of milk was significantly lower in the male sEH-KO mice. On average, the WT counterparts consumed two ml per unit time more than the null-mice. Over time, the consumption of milk was increased in both genotypes in a proportional rate, but still the sEH-null mice consumed less sweetened solution (Fig. 3B) . Behavior of the mice was also different (Suppl. Movie S2), in that the sEH-KO mice consumed the sweetened solution in intervals a few minutes apart while the WT mice showed a much greater enthusiasm toward the treat.
Metabolomic assessment of plasma lipids. A broad analytical approach was taken to quantify the major lipid classes and the distribution of their fatty acid chains in plasma samples of Ephx2-null and WT male mice. Both absolute and relative amounts of eight lipid classes and their fatty acids content were measured (Fig. 4A) . A significant decrease was observed in cholesterol ester (CE), phosphatidylcholine (PC), and triacylglycerol (TAG) in sEH-null mice (Fig. 4A) . The TAG/DAG (diacylglycerol) ratio was not significantly different between the two genotypes (20 Ϯ 3 vs. 17 Ϯ 3 in WT and KO, respectively). Overall, besides a slight increase in free fatty acids, the sEH-deficient mice displayed lower plasma lipid content in CE, TAG, and PC (Fig. 4A) .
Fatty acid chain composition was further analyzed for each lipid class (Suppl. Fig. S3 ). The reduction in esterified cholesterol is associated with a significant decrease of n-3 and n-6 polyunsaturated fatty acid chains (Suppl. Fig. S3A) . A slight but insignificant increase was observed in free fatty acid (FFA) levels in null plasma samples (Suppl. Fig. S3B ). While TAG levels were reduced in the sEH-KO plasma samples, the component composition of fatty acids of both TAG and its product DAG showed insignificant differences (Suppl. Fig. S3,  C and D) . PC significantly decreased in sEH-KO plasma samples (Fig. 4 and Suppl. Fig. S3F) .
Cholesterol metabolic pathway. The analyses shown in Fig.  4B were carried out to determine whether loss of sEH led to changes in de novo cholesterol synthesis. The cholesterol precursors lathosterol and desmosterol were significantly reduced in sEH-KO plasma samples (Fig. 4B) . While cholesterol was slightly but significantly reduced in plasma samples of sEH-KO male mice (Fig. 4B) , the phytosterols stigmasterol and campesterol were not significantly different between genotypes (Fig. 4B) . In summary, we suggest that the lower level of plasma testosterone seen here is a result of decreased circulating cholesterol levels and that cholesterol biosynthesis rather than uptake is associated with this decrease.
DISCUSSION
The Ephx2-null mouse model provides a valuable tool for investigating the basic biology of sEH and the bioactive lipid Fig. 3 . Open-field activity test (A) and hedonic response (B) in both Ephx2-WT and null male mice. A: mice were placed in an observation chamber, and line crossing during a 5-min period was recorded. sEH-KO mice exhibit a significantly lower exploratory behavior in the open-field test (means Ϯ SE of n ϭ 6 *P Ͻ 0.05 in paired t-test). B: 2 males were placed together in each cage. For 7 consecutive days, warmed sweetened condensed milk was presented to mice every day at the same time for 5 min. At the end of training, mice were again presented with the same solution, and intake was measured for 20 min over 7 days. sEH-KO mice responded significantly less than their WT counterparts to the hedonic stimuli. Data are expressed as means Ϯ SE of n ϭ 6 amount of daily milk consumption per mouse over 7 days. #P Ͻ 0.05, * P Ͻ 0.01 (t-test). functions that it regulates. EETs act as vasodilators and have anti-inflammatory properties; hence, sEH is proposed to be a novel therapeutic target for the treatment hypertension and inflammation in various disease models (33, 51, 56) . This study addressed the potential consequences of the loss of sEH activity in mice by analyzing the physiological and behavioral characteristics of sEH KO mice and extending our knowledge regarding the role of sEH (40) . Biological data from KO strains is notoriously strain dependent; however, the mice used here were extensively back-bred into C57BL6 animals by Sinal et al. (57) and further back-bred into C57BL6 at the University of California, Davis. This and the use of the corresponding WT animals out-bred from heterozygotes reduce the chance of breeding artifacts, although these results may be compounded by adaptive mechanisms.
We show here that gene deletion of Ephx2 results in a remarkable increase in epoxy fatty acids from both linoleate and arachidonate series, demonstrating the quantitative importance of sEH for normal fatty acid metabolism. We also observed insignificant production of diols in cytosolic fraction of null liver extracts. In the microsomal WT fraction, we and others (27, 30, 38) observed some diol production that is referred to as EH-like activity. Using both fatty acid epoxides and surrogate substrates, Borhan et al. (3) estimated that mEH accounts for little of the epoxide hydrolysis. Using the Ephx2 murine model and selective inhibitors for both sEH and mEH, we can say that only a small percentage of the 14,15-EET hydrolysis is due to the microsomal EH activity in WT animals, but it is responsible for much of the hydrolysis in the null mice.
Male mice carrying a homozygous null mutation for sEH exhibited a decrease in some components of masculine parameters. First, male KO mice exhibited lower plasma testosterone levels. Second, they also exhibited lower sperm concentration in the epididymis. Yet they were still able to sire litters, which suggests that spermatogenesis was not severely impaired. Third, the testes of Ephx2-null mice were smaller than those of their counterpart WT mice. Last, cholesterol and several of its precursor metabolites were reduced in plasma of KO mice. At this point, we cannot distinguish whether these effects are due to deletion of the phosphatase or EH activities coded by the Ephx2 gene.
A number of studies suggested that sEH activity is under a direct influence of sexual hormone regulation (35, 36) . In rodents, liver and kidney sEH specific activity was elevated in males compared with females (35, 36, 53) . Furthermore, castration of males decreased activity in both organs, which was restored by testosterone administration (19) . Consistent with these observations, EH activity in male testes increased at the time of puberty with a corresponding rise in plasma testosterone levels (26, 52) . The same pattern was also demonstrated in hepatic sEH (12) . Although it is not known what the basis of these changes is, these studies suggest that sEH activity may be under the influence of androgenic hormonal regulation. Since sEH is present in all segments of epididymis and testis and to a less extent in sperm, it may have a role in sperm motility or functions (14) . The detailed morphological analysis of the testis in this study revealed that the deletion of the Ephx2 gene resulted in a dramatic, time-dependent effect on germ cell synthesis and Leydig cell proliferation. Histological evaluation of testis sections in paraffin shows a clear region of the interstitial region, as null mice are getting older. Cryosectioning shows that this area is filled with ORO-stained Leydig cells. Although two different sectioning methods were used here, it is hard to conclude what the reason for that is. Clearly we can say that the majority of the tubules in older null mice showed impairment of spermatogenesis with formation of vacuoles that could be a result of dysfunction of Leydig cells.
As demonstrated here, it is unlikely that the sEH expression in sperm cells affects their functions, since sEH-null animals show apparently normal sperm motility, as was qualitatively measured. Furthermore, although the sperm concentration was lower in Ephx2-null mice, these mice were still able to sire litters. It is suggested, however, that lower circulating testosterone levels in plasma, as found in this study, can affect sperm count and testicular volume. A previous study found endocrine effects of the sEH inhibitor triclocarban (5). Although triclocarban is a potent inhibitor of the sEH, it does not appear to exert its endocrine effects through this mechanism (1).
Additional evidence that lower circulating testosterone is associated with this phenotype comes from behavioral tests. Analysis of the resulting phenotype and behavior is often difficult, because individual genes may have multiple functions. In the case of sEH this seems to be true because sEH is known to have two functional catalytic sites, i.e., the hydrolase and phosphatase activity. On the basis of this study, we can only speculate that higher-anxiety-like behavior seen by openfield activity and dark-light transmission are a result of lower levels of circulating testosterone. This hypothesis is supported by studies showing that testosterone has an antianxiety effect on animal behavior (20) . Sweetened-milk consumption was used to evaluate the murine hedonic behavior and supports this conclusion. Alternatively, lower plasma levels of cholesterol may be the underlying cause of lower testosterone and the subsequent behavior. Earlier, we found that EETs selectively bind to the cannabinoid receptors cannabinoid receptor 2 (CB2) and peripheral-type benzodiazepine receptor (PBR) with moderate affinity (34) . Although productive binding to these receptors should produce anti-anxiety-like outcomes, the effects of reduced cholesterol and testosterone might have overshadowed these effects here.
A striking finding of this study was the lower levels of cholesterol and its metabolites. This finding was also supported by an independent study showing lower levels of plasma cholesterol in Ephx2-null male mice (17) . This was accompanied by a general decrease in serum lipids. Several possible hypotheses could be made to explain the hypocholesterolemia and hypolipidemia observed in Ephx2-null mice through the absence of the phosphatase activity. First, in vitro studies show that sEH phosphatase activity can hydrolyze lipid phosphates like isoprenoid phosphates, which are precursors of cholesterol biosynthesis and protein isoprenylation (18) . Supporting this hypothesis, in humans, sEH polymorphism in Arg 287 Gln shows higher isoprenoid phosphatase activity in vitro (16) . This finding has been associated with familial hypercholesterolemia (55) . These results thus suggest a potential role for sEH in regulating cholesterol biosynthesis and metabolism. Squalene oxide and other terpene epoxides are slowly turned over by the sEH (32) .
The hypocholesterolemia observed in Ephx2-null mice can also be linked to an indirect effect through the increase of EET levels. These endogenous sEH substrates were shown to bind to and activate PPAR␣, a known lipid-censoring nuclear receptor, resulting in the modulation of PPAR␣ target genes (50) . PPAR␣ activators such as fibrates are generally effective in lowering elevated plasma triglycerides (7) and are strong inducers of the sEH in rodents (31) . In addition to their hypolipidemic hepatic effect, activation of PPAR␣ in Leydig cells resulted in the reduction of testis PBR mRNA levels and circulating testosterone levels (25) . Considering the proposed role for PBR in cholesterol transport and steroidogenesis, this explains the buildup of cytoplasmic lipid droplets in Ephx2-null Leydig cells, suggesting that most of the cholesterol was not transported to the mitochondria for testosterone production but Instead was accumulated in the cytosolic droplets of Leydig cells.
In conclusion, this study shows that disruption of the sEH gene in mice results in phenotypic characteristics that are associated with the alteration of plasma androgen levels, behavior, and lipid levels. Since this study was designed to characterize a mouse colony lacking sEH expression, it is important to further investigate the role of sEH in cholesterol signaling pathways by using more direct molecular and cellular approaches. We speculate that the possible sources of the cholesterol substrate for testosterone production could be either reduced or redirected because of the effect of EETs on hepatic PPAR␣ or through an effect on Leydig cells. Another option could be through phosphatase activity. Therefore, using inhibitors to block either the NH 2 terminus or COOH terminus activities of sEH can be a useful therapeutic approach for controlling lipids and steroids levels.
